The potential energy surface of the He-ClF complex is calculated using for He atom an efficient basis set of aug-cc-pV5Z augmented with a set of 3s3 p2d2 f 1g set of midbond functions and aug-cc-pVTZ, aug-cc-pVQZ for Cl and F atoms, respectively, at coupled-cluster with single and double excitations and a noniterative perturbation treatment of triple excitations ͓CCSD͑T͔͒ level. Three local minima are found for the He-ClF that correspond to linear He-Cl-F ͑collinear͒ and He-F-Cl ͑antilinear͒ configurations and a asymmetric T-shaped structure. The well depths and the equilibrium distances are 63.53 cm Ϫ1 and 3.54 Å ͑collinear͒, 41.09 cm Ϫ1 and 3.23 Å ͑T-shaped͒ and 33.80 cm Ϫ1 and 3.93 Å ͑antilinear͒. Bound states calculations are carried out for the CCSD͑T͒ surface and the sensitivity of the rovibrational levels to the errors of the computed potential energy surface at different configuration regions is discussed. The computed energy levels up to a total angular momentum Jϭ3 are in general accord with experimental data.
I. INTRODUCTION
The potential energies describing the interaction of atomic and molecular systems are of fundamental importance for understanding of the physical properties of matter. During last years ab initio methods have progressed sufficiently so that the computed potentials are reliable in analyzing available experimental data.
Structural analysis of the ground electronic state of rare gas-dihalogen complexes turned out to be very interesting due to disagreement between theory and experiment for rare gas-interhalogen complexes. 1 The existence of two minima on the potential energy surface of rare gas-dihalogen complexes, one linear and the other one T-shaped, has been a matter of intense interest. The existence of linear isomers was quite surprising, 2 as it had been expected that if van der Waals forces dominate the triangular structures are the ones where the atom-atom attractive forces could be maximized. A linear structure is not consistent with an additive pair potential form used for intermolecular forces between rare-gas atom and a dihalogen molecule. Further, the finding that the rare gas-Cl bond 2 was shorter than the sum of the van der Waals radii of the two atoms, indicates an anisotropy in the bonding interaction of such complexes. Linear species have been determined by microwave spectroscopy for several interhalogen complexes ͑Ar-ClF, 2 Kr-ClF, 3 He-ClF, 4 Ar-ICl 5 ͒, and for Ar-Cl 2 , 6 Ar-I 2 . 7 Also, recent ab initio calculations confirm the existence of two isomers for Rg-F 2 , 8 Rg-Cl 2 , 9 Rg-Br 2 , 10 and Ar-I 2 , 11 in accord with available experimental data.
He-ClF was the first rare gas-dihalogen complex in which both, linear and T-shaped structures, have been determined by microwave spectroscopy 4 and confirmed by ab initio MP4 level calculations. 4 In the precedent study, modified potential surfaces based on MP4 calculations have been used to gauge the quality of the ab initio data. It has been found 4 that the modified potential obtained scaling the MP4 surface by a factor 10%, gives results in far better agreement with the experimental observations. The need for scaling demonstrates the inadequacy of the level of the above calculation to represent quantitatively the intermolecular potential energy surface. Thus, in this work, we examine the van der Waals ͑vdW͒ interaction of a He atom with ClF molecule in its ground electronic state at CCSD͑T͒ level of theory.
The aim of this study is to present high level ab initio calculations and to obtain an accurate analytical potential energy surface for He-ClF complex in its ground electronic state. Bound state calculations are carried out and the comparison with available experimental data demonstrate the quality of the potential. Additionally, the sensitivity of the rovibrational transitions to errors of the calculated interaction potential at different configurations is estimated. The paper is organized as follows: In the next section, together with the ab initio results, we present a parametrized functional form of the potential. Bound state calculations on the above surface are then reported and compared with experimental data and previous ab initio studies. Conclusions constitute the closing section.
II. RESULTS

A. Ab initio calculations
The ab initio calculations are performed using the GAUSSIAN 98 package. 12 All computations are carried out at the CCSD͑T͒ level of theory. The He-ClF system is described using Jacobi coordinates (r,R,). R is the intermolecular distance of the He atom from the center of mass of ClF, r is the bond length of ClF, and is the angle between the R and r vectors.
For the present calculation we used for Cl the aug-cc-pVTZ basis set and for the atom of F the aug-cc-pVQZ basis set from EMSL library. 13 For van der Waals complexes, efficient basis sets can be constructed with the use of midbond functions. Studies by Tao and Pan 14 have shown that these specific designed basis sets provide an efficient way 15, 16 to saturate the dispersion energy, achieving an improvement of ϳ5% in dispersion-bound complexes. The exponents of the bond functions are known to be quite system independent. 17 Therefore, for He atom we used augmented correlation consistent ͑aug-cc-pV5Z͒ basis sets incorporated in the GAUSSIAN 98 programs supplemented with an additional set (3s3p2d2 f 1g) of bond functions. 18 We placed the bond functions in the middle of the van der Waals bond and in all calculations, 6d and 10f Cartesian functions are used. The properties of He and 35 ClF monomers using the above atomic basis sets at CCSD͑T͒ level are listed in Table  I and compared with experimental and previous MP2 values. CCSD͑T͒ results are in better accord with experimental data than the MP2 ones, except a small overestimation of the ClF dipole moment. This agreement indicates that the level of calculation and the atomic basis sets are sufficient to describe properties of these monomers. Further, test runs performed using the aug-cc-pVTZ basis sets for all atoms, as well as, the above aug-cc-pV͑T,Q,5͒Z mentioned basis sets for each atom with and without the additional set (3s3 p2d2 f 1g) of bond functions. The results of these calculations are summarized in Table II for configurations near to global and local minima. As can be seen, the use of bond functions clearly affects the interactions energies of the complex, demonstrating their efficiency in calculations of such vdW systems.
The supermolecular approach was used for the determination of the intermolecular energies, ⌬E,
where E He-ClF , E He , and E ClF are the energies of He-ClF, He, and ClF, respectively. The correction, (E BSSE ), for the basis-set superposition error was calculated using the standard counterpoise method. 22 We examined several intermolecular distances R (2.8 рRр9 Å), and for each of them we performed calculations for 18 angles ranging form ϭ0°to 180°in increments of 5.625°or 11.25°and with fixed rϭ1.63 Å, the equilibrium ClF bond length. The results for the CCSD͑T͒ interaction energies of He-ClF at selected geometries are listed in Table  III .
B. Analytical representation of the PESs
The functional form of the potential energy function is given by an expansion in Legendre polynomials of the cosine of the Jacobi angle ,
where the corresponding V (R) coefficients with ϭ0 -17, are obtained by a collocation method as follows: For each ( i , iϭ1 -18) the CCSD͑T͒ ab initio data are fitted to the following analytical expression based on a Morse-van der Waals form: 
A nonlinear least squares procedure was used to fit the potential function. The adjustable parameters as well as their maximum and averaged standard deviations for each angle i are listed in Table IV . A maximum standard deviation of 0.3 cm Ϫ1 and an averaged standard deviation of 0.04 cm Ϫ1 are found for the analytical representation as compared with the ab initio points included in the fitting procedure. In addition, the accuracy of the two-dimensional fit of V(R,) is checked by calculating some extra ab initio points. In Table  V we present for the indicated geometries, selected along to the minimum energy path, the ab initio CCSD͑T͒ values and compare them with the corresponding V(R,) ones, where an averaged deviation of 0.1 cm Ϫ1 is found. Also, tests using two-dimensional cubic spline interpolations are also carried out, however their accuracy are found to be worse particularly in the regions near to the linear and antilinear wells indicating the need for more angular points. Figure 1 shows a two-dimensional contour plot of the V(R,) surface in the Cartesian XY plane. The equipotential curves are shown for He moving around the ClF molecule fixed at r e ϭ1.63 Å. The potential has three wells at energies of Ϫ63.53, Ϫ41.09, and Ϫ33.80 cm Ϫ1 ͑see Table VI͒. The collinear well is deeper than the near T-shaped (ϭ109.9°) and antilinear ones. The barriers between them are found at energies of Ϫ17.88 cm Ϫ1 ͓45.65 cm Ϫ1 above the global ͑lin-ear͒ minimum͔ with RϷ3.96 Å, Ϸ62.9°, and at Ϫ26.83 cm Ϫ1 ͓36.7 cm Ϫ1 above the global ͑linear͒ mini-mum͔ with RϷ3.81 Å, Ϸ143.5°, for the collinear↔ T-shaped and T-shaped ↔ antilinear isomerizations, respec- tively ͑see Table VI͒ . In addition, one-dimensional representations of the potential are shown in Fig. 2 . In Fig. 2͑a͒ the parametrized potential functions, V(R, i ) for fixed values of at 0°,112.5°,180°where ab initio points are calculated, are presented. The minimum energy path as a function of the angle is plotted in Fig. 2͑b͒ . The equilibrium distances and angles for the three minima are found at R e ϭ3.54 Å for the linear well, R e ϭ3.23 Å for ϭ109.9°and at R e ϭ3.93 Å for the antilinear well.
Recent MP4 calculations have estimated 4 the global minimum of HeClF at an energy of Ϫ58.08 cm Ϫ1 with R ϭ3.57 Å and ϭ0°, a second minimum at Ϫ35.17 cm Ϫ1 for Rϭ3.30 Å and ϭ110°, and a third minimum with an energy Ϫ32.31 cm Ϫ1 at Rϭ3.95 Å and ϭ180°͑see Table  VI͒ . A modified scheme has been introduced 4 to adjust the ab initio calculation to the experimental observations: by a 10% deepening the MP4 surface they corrected energy minima to be Ϫ63.89, Ϫ38.69, and Ϫ35.54 cm Ϫ1 , respectively. Note that the later values are very close to the ones predicted by the CCSD͑T͒ surface presented here, especially for the collinear well. A Fortran code for the potential surface is available in a EPAPS document. 23
C. Bound state calculations
The two-dimensional Hamiltonian in Jacobi coordinates has the form 35 Cl, and 19 F isotopes, l and ĵ are the angular momenta associated with the vectors R and r, respectively, leading to a total angular momenta Ĵ ϭ lϩ ĵ. r e is fixed at the equilibrium Cl-F bond length, and the potential for He-ClF complex is given by the V(R,) expansion, Eq. ͑2͒.
For a given total angular momentum J and a parity of total nuclear coordinates inversion p, the corresponding Hamiltonian is represented as a product of radial, ͕ f n (R)͖, and angular, ͕⌰ j⍀ (JM p) ͖, basis functions. For the R coordinate a discrete variable representation ͑DVR͒ basis set is used based on the particle in a box eigenfunctions. 24 The expression for the ͕ f n (R)͖ functions is given by
where N is the total number of DVR functions, L is the size of the box LϭR max ϪR 0 , and the DVR points in the R coordinate are given by R n ϭ nL Nϩ1 ϩR 0 for nϭ1, . . . ,N. ͑6͒ In turn, the angular ͕⌰ j⍀ (JM p) ͖ basis functions are eigenfunctions of the parity,
M is the projection of J on the space-fixed z axis, ⍀ its projection on the body-fixed z axis, which is chosen here along the R vector. The D M ⍀ J* ( R , R ,0) are Wigner matrices and Y j⍀ (,) are spherical harmonics functions, 25 with R and R being the space-fixed polar angles defining the direction of the R, while and are the polar angles of the r vector in the body-fixed system. All the matrix elements of the Hamiltonian involving angular functions are given in Ref. 26 .
A basis set of 50 DVR functions over the range from Rϭ2 to 15 Å and up to 28 values of the diatomic rotation j are used. Depending on the values of J and the parity p, the size of the Hamiltonian matrix ranges from 1350 to 5300. By diagonalizing the Hamiltonian the eigenfunctions and the corresponding energies are obtained for a total angular momentum up to Jϭ3 for even (pϭϩ1) and odd (pϭϪ1) parity symmetries. The rotational constant for ClF is taken equal to 0.515 410 65 cm Ϫ1 and the reduced mass for HeClF is 3.726 234 9 amu. In this way, a convergence of 0.0003 cm Ϫ1 is achieved in bound state calculations.
For Jϭ0, the three lowest states of He-ClF are found at energies of Ϫ14.457, Ϫ12.836, and Ϫ7.661 cm Ϫ1 ͓see Table VI and Fig. 2͑a͔͒ . In Fig. 2͑b͒ , together with the minimum energy path, we plot the angular probability density for the nϭ0,nϭ1, and nϭ2 eigenfunctions. As can be seen, the nϭ0 state is localized in the collinear well, the nϭ1 corresponds to near T-shaped configurations, while the nϭ2 state mainly exhibits an antilinear structure. It should be noted that all the states appear above the isomerization barriers of the potential ͓see Fig. 2͑b͔͒ . However, due to centrifugal terms, the effective potential support these levels, and only the nϭ2 state displays some tunneling towards the T-shaped well.
For higher J values (Jϭ1,2,3) the results of our calculations are summarized in Table VII , in comparison with the available theoretical and experimental data for the He-ClF complex. The energy levels are labeled as J C p , where J is the total angular momentum, p is the parity under total nuclear coordinates inversion (ϩfor even, Ϫfor odd͒ and C is L, T, A, B for linear, near T-shaped, antilinear and bent configurations, respectively. The classification scheme used by Klemperer and co-workers, 4 based on asymmetric rotor levels, is also given.
In Fig. 3 we present the probability density distributions for the lowest L, T, A vdW vibrational levels of He-ClF molecule for the J and p indicated values. As can be seen for each J ͑see Fig. 3 and Table VII͒ there are groups of states that are localized in linear, T-shaped and antilinear wells. A very good agreement is found between the present calculations and the previous bound state calculations using MP4 potential surface, 4 with the CCSD͑T͒ results to lie between the original MP4 ones and those predicted by the MP4 scaled potential surface. A general good accord is also found between the CCSD͑T͒ with the experimental measurements. In particular, the energy of the ⌺ 1 ←⌺ 0 transitions is underestimated by about 0.7 cm Ϫ1 for all J values studied, while the ⌺ 0 levels for JϾ0 are lying very close to the corresponding experimental values. The estimated ⌸ 1 ←⌺ 1 splittings are also close to the experimental ones, 0.817 cm Ϫ1 and 0.758 cm Ϫ1 , respectively for Jϭ1 and 1.053 cm Ϫ1 and 0.999 cm Ϫ1 , respectively, for Jϭ2. The ⌸ 1
Ϫ -⌸ 1 ϩ splitting for Jϭ1 of 0.096 cm Ϫ1 , in excellent agreement with the observed 0.092 cm Ϫ1 one. A l-doubling type term, ⌬E ⌸ ϭq l J(Jϩ1) fitted to experimentally measured ⌸ 1 Ϫ -⌸ 1 ϩ (J ϭ1) splitting, (q l ϭ0.046 cm Ϫ1 ϭ1379.045 MHz) predicts values of 0.276 cm Ϫ1 for the ⌸ 1 Ϫ -⌸ 1 ϩ (Jϭ2) splitting and 0.552 cm Ϫ1 for the ⌸ 1 Ϫ -⌸ 1 ϩ (Jϭ3) one. These values are almost the ones obtained using the CCSD͑T͒ surface (0.281 cm Ϫ1 and 0.563 cm Ϫ1 , respectively͒.
The difference of 0.7 cm Ϫ1 in the ⌺ 1 ←⌺ 0 transitions, on the one hand, and the good agreement found for the ⌸ 1 ←⌺ 1 and ⌸ 1 Ϫ -⌸ 1 ϩ splittings, on the other hand, lead to attribute the deviations from the experiment to the underestimation of the well depth for the linear isomer compared VII. Calculated energy levels for He-ClF using the CCSD͑T͒ and CCSD͑T͒ modified potentials in comparison with previous MP4 and experimental data. The energy levels are labeled as J C p , where J is the total angular momentum, p is the parity under total nuclear coordinates inversion ͑ϩ for even Ϫ for odd͒ and C is L, T, A, B for linear, near T-shaped, antilinear and bent configurations, respectively. The nomenclature of Klemperer and co-workers 4 is also given. Energies ͑in cm Ϫ1 ) are relative to nϭ0 state for Jϭ0. Note that the equilibrium distance r e for ClF is taken for comparison reasons equal to the one given in Ref. 4 with the near T-shaped one. For vdW complexes of He atom with homopolar halogens has been found 8, 9, 27 that the energy difference between the linear and T-shaped wells increases when the r bond is lengthened. Thus, parts of the above error can be attributed to the lack of the r dependence in the potential form, as well as to the level of calculation and the fitting produre. In order to evaluate the errors in the calculated/fitted CSSD͑T͒ surface several trials are made to adjust it to the experimental rovibrational transitions. We found that the better agreement with the experimental values is achieved when a scaling factor of 1.024 is used only for the linear and near linear configurations, i.e., i with i ϭ1 -6. This indicates that for these configurations a relative error of 2.4% is obtained in comparison with the rest geometries, and we can attribute a part of this to the fitting procedure ͑see Table IV͒. In Table VII we listed the values of the rovibrational transitions obtained using the adjusted potential in comparion with the ones obtained with the CCSD͑T͒ surface and by the experiment. As it can be seen, the ⌺ 1 ←⌺ 0 transitions are in excellent agreement with the experiment, with a maximum difference of 0.03 cm Ϫ1 for Jϭ3, while almost no changes found for the ⌸ 1 ←⌺ 1 and ⌸ 1 Ϫ -⌸ 1 ϩ splittings. Transitions involving antilinear states, not yet observed, would contribute to evaluate the CCSD͑T͒ potentials at these configurations.
III. CONCLUSIONS
The ground potential energy surface is calculated for the He-ClF complex at the CCSD͑T͒ level of theory. As in other studies on rare gas-dihalogen complexes, the existence of two relatively isolated ͑linear and T-shaped͒ minima is established. A third isomer is also predicted for an antilinear structure lying 6.8 cm Ϫ1 above the ground vdW state of the complex.
Bound state calculations are carried out for the above CCSD͑T͒ surface and transition frequencies up to Jϭ3 are evaluated. By comparing our results with the experimentally determined ones, 4 the quality of the CCSD͑T͒ potential is tested. A general good accord is found between the CCSD͑T͒ results and the experimental observations. The main discrepancy with the experiment is found in the ⌺ 1 ←⌺ 0 transition frequencies, and remains constant for all J values studied. This finding, in combination with the very good agreement in the transitions of T-shaped states, indicates that the present two-dimensional CCSD͑T͒ calculations are slightly underestimating the depth of the linear well. Thus, by perturbing the interaction potential at near linear configurations using a scaling factor of 2.4% and comparing with the available ex-perimental data, we are able to estimate the sensitivity of the rovibrational transitions to errors of the potential in different regions. We conclude, therefore, that CCSD͑T͒ calculations provide results for the rovibrational transitions quantitatively comparable with the experimental ones.
